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Abstract—Here we explore the performance limit of monolayer 
germanane (GeH) field-effect transistors (FETs). We first plotted 
an electronic band structure of GeH using density functional 
theory (DFT) and then tight-binding parameters were extracted. 
Device characteristics of GeH FETs are investigated using 
rigorous self-consistent atomistic quantum transport simulations 
within tight-binding approximations. Our simulation results 
indicate that GeH FETs can exhibit exceptional on-state device 
characteristics such as high Ion (>2 mA/µm) and large gm (~7 
mS/µm) with VDD = 0.5 V due to the very light effective mass of 
GeH (0.07m0), while maintaining excellent switching 
characteristics (SS ~64 mV/dec). We have also performed a 
scaling study by varying the channel length, and it turned out that 
GeH FET can be scaled down to ~14 nm channel without facing 
significant short channel effects but it may suffer from large 
leakage current at the channel length shorter than 10 nm. Finally, 
we have benchmarked GeH FET against MoS2 counterpart, 
exhibiting better suitability of GeH device for high-performance 
applications compared to MoS2 transistors.  
 
Index Terms—Germanane, Field-Effect Transistor, Quantum 
Transport, Non-Equilibrium Green’s Function, Device 
Simulation 
I. INTRODUCTION 
anoelectronics based on two-dimensional (2D) material 
has shown great potential in the last decade. 2D materials 
like graphene, transition metal dichalcogenides (TMDs) 
and black phosphorus have proven their utility in various 
applications such as field-effect transistors (FETs) [1], [2], 
memory devices [3], and optoelectronics applications [4], [5].  
Due to its high carrier mobility and saturation velocity [6], [7], 
recent graphene research has been mainly focused on 
high-frequency applications [6]. On the other hand, TMDs like 
molybdenum disulfide (MoS2) have been widely explored for 
low-power switching applications in light of the large band gap 
and exceptional electrostatic integrity [1].  
 Recently, germanane (GeH) has emerged as a new family of 
2D materials, which is a single layer of germanium (Ge) with 
hydrogen (H) atoms attached in the out-of-plane direction [8]. 
It can be synthesized through topotactic deintercalation of 
CaGe2 [8], and first-principle studies showed its very light 
effective mass and ultra-high carrier mobility (>18,000 
cm2/V·s) [8], [9]. However, FETs based on GeH as an active 
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channel material have rarely explored although it has great 
potential for future electronic devices toward various 
applications. The performance of GeH FET was estimated 
previously by semi-classical model [10], but such a simple 
approach can be significantly limited in predicting the detailed 
characteristics of germanane device, where 
quantum-mechanical treatment will be critical to discuss 
tunneling and scaling. Therefore, in this work, we investigate 
the performance limit of GeH FET using rigorous 
self-consistent atomistic quantum transport simulations. Our 
simulation results exhibit superior on-state characteristics of 
GeH FET with excellent switching behaviors. However, due to 
the very light effective mass, the scaling of GeH FET can be 
significantly limited as it suffers from large leakage current. 
We have also benchmarked GeH FET against MoS2 
counterpart, which indicates that GeH FET has clear benefits 
for high-performance applications compared to a similar device 
based on MoS2.  
II. SIMULATION METHODS 
Density functional theory (DFT) calculation [11] was 
utilized to obtain the band structure of GeH. Generalized 
gradient approximations (GGA) exchange correlation function 
using PBE parameterization was employed for the DFT 
calculation. For a geometry optimization, conjugate-gradients 
(CG) was used with maximum force tolerance of 10-3 eV/Å and 
energy tolerance of 10-4 eV. The unit cell of germanane 
contains two germanium atoms and two hydrogen atoms as 
shown in the inset of Fig. 1 (a). The Brillouin zone sampling 
was done using Monkhorst-Pack approach with a 50×50×1 
mesh. The calculated band structure is shown in Fig. 1(a), 
exhibiting isotropic effective masses around the Γ point. The 
electron effective mass is 0.07m0 and those of heavy hole and 
light hole are 0.50m0 and 0.07m0, receptively, where m0 is free 
electron mass, showing good agreements with the reported 
values in literature [8], [9]. We have corrected the 
underestimated band gap (Eg) from our DFT calculation to 1.56 
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Fig. 1 (a) Electronic band structure of germanane (GeH) based on density 
functional theory (blue circles), which is fitted with tight-binding parameters 
(solid red lines). (Inset) the top view of germanane lattice with the unit cell 
represented by red dotted lines. (b) Device structure for the simulated GeH 
field-effect transistor (GeH FET).  
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eV based on the scissors scheme [12], following the estimated 
range of Eg = 1.48 – 1.60 eV in literature [8]. Note that this band 
gap adjustment does not affect our results at all as we explore 
only n-type transport behaviors of GeH FET in this study, 
where the exact value of Eg is out of the picture. 
 To obtain the tight-binding (TB) parameters from the DFT 
band structure, two-center Slater-Koster approximation [13] 
was used with second-nearest neighbors. s and p atomic orbitals 
were considered for Ge, while only s orbital is taken into 
account for H. We used an orthonormal basis set. Mean squared 
error was employed to fit the TB band structure to the DFT one. 
The resulted TB parameters fit the band structure very 
accurately near the band edges as shown in Fig. 1(a).  
 Figure 1(b) shows the simulated device structure. Monolayer 
GeH was used for the channel, and source and drain are 
n-doped with a doping concentration of 5.5×10-12 cm-2. A 
single-gate device structure is employed through 2.7-nm-thick 
Al2O3 (κ = 9) for a gate dielectric. The nominal device has a 
14-nm channel.  
 To assess the performance limit of GeH FETs, we have run 
atomistic quantum transport simulations using the 
non-equilibrium Green’s function (NEGF) method within 
tight-binding approximations. Transport equations are solved 
iteratively with Poisson’s equation until self-consistency 
between charge density and electrostatic potential is achieved 
[14]. Periodic boundary condition is applied for the width of 
device, and the charge and the current are calculated by taking 
the summation of transverse modes in the width direction. 
Ballistic transport is assumed since the channel length is very 
short and hence the effect of scattering is expected to be 
minimal. Open boundary conditions are treated with contact 
self-energies using the Neumann boundary condition. A power 
supply voltage VDD = 0.5 V (which is smaller than the ITRS 
requirement) and room temperature are used.  
III. RESULTS 
Figure 2(a) shows transfer characteristics of 14-nm-channel 
monolayer GeH FET (solid lines) at VD = 0.5 V, plotted both in 
a logarithmic scale (left axis) and linear scale (right axis). It 
exhibits excellent switching characteristics with small 
subthreshold swing (SS ~64 mV/dec) and a large 
maximum-achievable on/off ratio (~1012) as well as high 
maximum-achievable on current (Ion >2 mA/µm; at Von = 1.2 V 
and Voff = Von – VDD). Note that this large Ion can be obtained at 
the sacrifice of Ioff, and we will discuss the detailed relation 
between Ion and Ion/Ioff in Fig. 4(d). It should be also noted that 
the current shown in this study is calculated without 
considering contact resistance to investigate the performance 
limit of GeH FETs. If the contact resistance is taken into 
account, current will be reduced to some extent due to the 
voltage drop across it and hence the lower effective gate and 
drain voltages across the device, depending on the actual 
quality of contacts. In spite of its excellent switching 
characteristic below the subthreshold voltage, the GeH FET 
eventually loses its steepness in subthreshold slope at lower 
gate voltages (0 < VG < 0.25 V in Fig. 2(a)), unlike other 
2D-material FETs. This can be understood by investigating the 
energy-resolved current spectrum as plotted in Fig. 2(b) for 
14-nm-channel GeH FET at VG = 0.25 V. It reveals that the 
contribution of tunneling current (Itunneling) to the total current 
(Itotal = Ithermionic + Itunneling) is prominent as thermionic current 
(Ithermionic) becomes smaller at low gate voltages, resulting in the 
increase of subthreshold swing. Note that this conspicuous 
tunneling through 14-nm channel in GeH FET is attributed to 
its very light effective mass (0.07m0), whereas MoS2 is known 
for its sustainability at much shorter channel lengths due to its 
heavier electron effective mass (0.55m0) [15]. 
We also simulated 10-nm-channel GeH FET (dashed lines in 
Fig. 2(a)) and compared it against 14-nm-channel device. It 
turned out that the subthreshold swing of 10-nm-channel GeH 
FET is remarkably greater than 14-nm device due to the 
significantly larger tunneling current through the thinner 
barrier. However, both devices having different channel lengths 
show almost same on current since Ion is dictated mainly by 
thermionic current at high gate voltages where the effect of 
tunneling current is infinitesimal.  
It will be instructive to benchmark GeH FETs against other 
similar 2D semiconductor devices. Therefore, here we also 
simulate 14-nm-channel MoS2 FET within tight-binding 
approximation [16], and compare the device characteristics of 
GeH FET and MoS2 FET. Figures 3(a) and 3(b) are ID and gm (= 
∂ID/∂VG) as a function of (VG–Vth), respectively. While both 
devices show nearly ideal switching characteristics (SS = 64 
mV/dec for GeH; 67.8 mV/dec for MoS2), GeH FET exhibits 
significantly better on-state characteristics with 2× larger Ion 
and gm than MoS2 FET, which indicates that the gain in carrier 
velocity is greater than the loss in density of states (DOS) and 
quantum capacitance (CQ) through its small effective mass. In 
principle, higher-κ or thinner dielectric can further boost Ion by 
increasing oxide capacitance (Cox) at the classical capacitance 
limit, particularly for the channel material with large m* like 
 
Fig. 3 (a) ID vs. VG–Vth for GeH FET and MoS2 FET both with Lch = 14 nm at 
VD = 0.5 V, considering threshold voltage shift. (b) Transconductance gm vs. 
VG–Vth for the devices shown in (a). 
 
 
Fig. 2 (a) Transfer characteristics of monolayer GeH FET with two different 
channel lengths (Lch = 10 and 14 nm) at VD = 0.5 V. (b) Energy-resolved 
current spectrum (blue solid line; top axis) and conduction band (Ec) profile 
along the device (black dashed line; bottom axis) for 14-nm channel at VG = 
0.25 V and VD = 0.5 V. 
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MoS2. However, for GeH FETs, such improvement can be 
limited due to extremely small m*, low DOS and small CQ. 
Nonetheless, in order to investigate the detailed effects of larger 
Cox on device performance, further study will be needed with 
full self-consistent simulations considering different equivalent 
oxide thickness since the total gate capacitance is a strong 
non-linear function of surface potential and charge, which is 
beyond the scope of this study.  
In general, channel length (Lch) is one of the most important 
device parameters that determine the overall performance of 
FETs. Moreover, as we have seen in Fig. 2, device performance 
of GeH FET can be very susceptible to the actual channel 
length. Therefore, next, we perform a channel length scaling 
study of monolayer GeH FETs. Figure 4(a) shows SS (= 
∂VG/∂log10(ID)) for various channel lengths from 6 to 22 nm. 
For the device with Lch ≥ 14 nm, SS is close to the theoretical 
limit of 60 mV/dec, but it shows significant increases at 
sub-10-nm channel lengths, resulting in 175 mV/dec at Lch = 6 
nm. Similar trend can also be observed for drain-induced 
barrier lowering (DIBL = ∆V/∆VD) in Fig. 4(b), which is 
calculated at Ioff = 10-3 µA/µm using VD = 0.05 V and 0.5 V. 
Thus, it can be concluded from Figs. 4(a) and 4(b) that 
monolayer GeH FET can be scaled down to ~14 nm without 
facing significant short-channel effects. We have also 
investigated how threshold voltage is affected by channel 
length scaling in Fig. 4(c). The threshold voltage is ~0.89 V for 
the channel longer than 14 nm, but it shows Vth roll-off at 
sub-10-nm channel, resulting in Vth = 0.775 V at Lch = 6 nm.  
Finally, for comprehensive analyses, we plotted Ion vs. Ion/Ioff 
for three different devices of GeH FETs (10-nm and 14-nm 
channel) and a MoS2 FET (14-nm channel) in Fig. 4(d), where 
we have observed the following points: (1) While both 10-nm 
and 14-nm-channel GeH FETs can equally provide as high on 
current as 2 mA/µm, Ion/Ioff is significantly larger with 
14-nm-channel device for the same Ion. For example, at a 
common Ion = 100 µA/µm, Ion/Ioff = 1.53×107 with 14-nm 
channel, whereas Ion/Ioff of 10-nm channel device is 2.42×105. 
(2) Although both GeH FET and MoS2 FET with the same 
14-nm channel can provide as large on-off current ratio as 
Ion/Ioff > 107, Ion of GeH FET can be significantly higher than 
that of MoS2 FET for the same Ion/Ioff. For instance, at a 
common Ion/Ioff = 105, on current is 850 µA/µm and 183 µA/µm 
for GeH FET and MoS2 FET, respectively. (3) In addition, we 
notice a unique shape of the curves in the Ion vs. Ion/Ioff plots for 
GeH FETs, which can be distinguished from those of other 
2D-material FETs such as MoS2 (dotted line with crosses in Fig. 
4(d)) and black phosphorus [17]. While other materials show 
the monotonic increase of Ion/Ioff by sacrificing Ion, GeH FETs 
exhibit non-monotonic behaviors due to the tunneling current at 
low gate voltages as discussed earlier.    
IV. CONCLUSION 
We explored the performance limit of monolayer GeH FETs 
using self-consistent atomistic quantum transport simulations. 
GeH FET exhibits superior on-state device performance such 
as high Ion (>2 mA/µm) and large gm (~7 mS/µm), due to its 
very light effective mass, as well as excellent switching 
characteristics (SS ~64 mV/dec). Our scaling study revealed 
that ~14 nm will be suitable for the channel length of GeH FET 
as it may suffer from significant short channel effects if the 
channel length becomes less than 10 nm. We have also 
benchmarked GeH FET against MoS2 device, which suggested 
that GeH has clear benefits for high-performance device 
applications over MoS2. 
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